Low-energy electron microscopy (LEEM) reveals a new mode of graphene growth on Ru(0001) in which Ru atoms from a step edge are injected under a growing graphene sheet. The injected atoms can form under-graphene islands, or incorporate into the topmost Ru layer, thereby increasing its density and forming dislocation networks.
Introduction
The study of graphene on metal surfaces has a long history, culminating in widespread recent activity. 1 The work reported here focuses on the interaction of graphene with atomic steps and terraces on a precious metal surface. How graphene grows depends on the nature of this interaction. For example, on Ir(111) [2] [3] [4] [5] and Ru(0001) [5] [6] [7] [8] [9] , it mainly grows over atomic substrate steps forming a continuous carpet. This growth mode 7, 9 occurs by adding carbon to the free edge of the graphene sheet, e.g., point A in Fig. 1(a) . Carbon from a sea of carbon monomers (adatoms) attaches to this free edge, probably through an intermediate state involving several C atoms. 5, 7 Because of the high energy cost of forming the C clusters, carpet growth occurs only at high C supersaturation.
The difficulty of attaching individual carbon adatoms to the free graphene edge has another consequence ! growth can occur by an additional complex mechanism, as illustrated in Fig. 1(b) . Here the graphene sheet edge that abuts the substrate step edge (point B in Fig. 1(b) ) advances by displacing atoms from the monatomic step of the substrate. The graphene sheet thus "eats into" the adjoining terrace. Evidence for graphene sheets embedded in terraces has been reported for graphene growth on Pt(111) [10] [11] [12] , Pd(111) 13 , and Ir(111) 3 , but the mechanism by which the embedding occurs has not been determined.
In contrast to previous work, the results presented here show that carpet growth and etching processes occur on Ru(0001). Our focus is on the latter process. We have discovered that growth by Ru step etching results in the intercalation of the displaced Ru atoms under the graphene sheets. The intercalation alters the structure at the metal substrate/graphene interface and may change the properties of the film, e.g., its chemical reactivity.
Methods
We characterized graphene on Ru(0001) in two separate vacuum systems, employing low-energy electron microscopy (LEEM) in one and scanning tunneling microscopy (STM) in the other. LEEM was used to image the growth of graphene by segregating carbon from the Ru bulk or by decomposing ethylene, as previously described. 5, 7, 8 To evaluate whether the Ru steps had moved during graphene growth and removal, we typically compared the position of Ru substrate steps in the same surface region under three conditions: clean, after the local region had been completely overgrown by graphene and after its removal. This methodology accurately images the Ru step location by avoiding the local changes in magnification at the edges of graphene sheets that result from the work-function difference between the bare and graphenecovered substrate. Graphene was removed by either exposing to oxygen at elevated temperatures between 960 and 1040 K, or by thermally dissolving the graphene into the substrate.
8
For STM studies, the Ru sample was cleaned by several annealing cycles between 800-1800 K in a partial oxygen atmosphere (4"10 -8 Torr), followed by a short annealing period (20-30s) at 1700 K in ultra-high vacuum to desorb the remaining oxygen.
Graphene was grown by segregation of carbon from the bulk. Under these conditions, graphene did not cover the entire surface but consisted of islands separated by several micrometers. Within the detection limit of Auger spectroscopy, no near-surface impurities were detected. Scanning tunneling microscopy was performed with a homebuilt instrument 14 with an RHK controller operated under ultra-high vacuum at 6 K.
Results

Downhill growth of graphene over Ru steps
It has been reported 5, 7, 9 that on uniformly stepped Ru surfaces, graphene sheets preferentially nucleate at the lower edges of substrate steps and grow by extending across descending substrate steps. and after a graphene sheet has nucleated at the lower edge of a Ru step in the upper left corner. The graphene sheet then passes over the vacancy island in a continuous manner, apparently unhindered by the bounding step. After the region is completely overgrown (Fig. 2(d) ), the metal step delimiting the vacancy island is still easily imaged through the graphene. Once covered by the graphene sheet, the vacancy island area and shape remained unchanged, within the resolution of our experiment.
Graphene growth by Ru step etching
A strikingly different growth pattern occurs if graphene is nucleated within a vacancy island, as illustrated in Figure 3 . Panel 3(a) is an image of a graphene-free surface with a vacancy island bounded by a monatomic Ru step. condition that creates contrast between Ru terraces separated by monatomic steps. 15 ) The shape of the vacancy island has changed markedly, from a smooth oval to a hexagon, faceted along <11 2 0> Ru crystallographic directions. This shows that as the graphene grew within the island, Ru atoms were removed from the boundaries. In contrast, Ru was not removed when the vacancy island in Fig. 2 was overgrown by a graphene sheet draped over the Ru step.
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Energetics of Ru etching
For step etching as shown in Fig. 3 to occur, the free-energy gain associated with graphene growth from C monomers (adatoms) must exceed the cost of displacing Ru atoms. The gain can be estimated from our previous work. 7 There, the formation energy needed to create a C monomer by removing a C atom from graphene on Ru (0001) 
Injection of Ru under graphene growing by Ru etching
One possibility is that Ru is displaced along the same Ru step that is being etched.
This mechanism, pathway 3 in the schematic of Fig. 4 , has been proposed to explain growth into terraces observed by STM on Pt 11, 12 and Ir. 11 The energy cost of moving the Ru atom along the step is small, and would allow graphene growth by etching to proceed by edge diffusion. However, in that case the area of a vacancy island being filled by graphene from within would not change, in contrast to what Fig. 3 clearly shows. On this basis, we infer that Ru atoms displaced from the steps move into the Ru terraces.
Obvious sinks for the liberated Ru atoms are upper terrace Ru steps (pathway 1 in shows the surface at 965 K, about 7 hours later, when graphene completely covered the surface. The Ru step circumscribing the pit is readily imaged through the graphene layer.
Two striking changes occur in the pit perimeter. One is the faceting of the bounding step. The second is that the pit area increased by about 17% after graphene growth. Heating dissolves C back into the Ru (Fig. 6(c) ) and the pit shrinks by about 18%
( Fig. 6(d) ), returning almost to its original size. No longer overgrown by graphene, the Ru steps are not faceted.
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We interpret the recovery of the area of this vacancy island as evidence that as the C dissolved into the bulk numerous previously etched Ru atoms emerged from under it and reattached to the Ru step. In separate experiments, removing the carbon by reaction with O 2 also liberated intercalated Ru atoms.
The amount of intercalated Ru atoms released when graphene is removed strongly depends on the step configuration and increases with the substrate temperature. The largest amount of liberated Ru atoms was ~0.25 ML at 1200 K and ~0.03 ML near 1000 K for graphene grown inside isolated pits.
To summarize our findings: graphene sheets that grow into Ru steps displace Ru atoms. The displaced Ru atoms can be captured by adjacent bare Ru steps, after diffusing over the upper Ru terrace (pathway 1 in Fig. 4 ), or they can be injected under the growing graphene (pathway 2 in Fig. 4 ). Our results suggest that the extent of injection can be as large as 10 to 20 % of a monolayer. 16 
Ru islands intercalated under graphene
Ru adatoms are unlikely to remain isolated from one another under a graphene sheet. That would require the formation energy for an intercalated Ru atom to be < 0.7 eV (see section 3.3). Our DFT result is 1.2 eV (with the atoms in sites that continue the Rulattice (i.e., hcp) sites). Although slightly lower than the adatom formation energy in similar sites on clean Ru terraces (1.3 eV, section 3.3), this number is not nearly low enough to enable graphene formation by etching the Ru step edges.
A more plausible way to account for the observed etching, according to DFT, is formation of small Ru islands. On Ru(0001), graphene makes a moiré with the substrate 8 and is periodically buckled. 6 As we describe next, Ru islands form with low energy under the moiré regions where the separation between the graphene sheet and the substrate is the largest.
There are two reasons that support this scenario. One is that with a 2.14 Å natural spacing of Ru (0001) To test this idea we optimized islands of several sizes, producing a set of formation energies and chemical potentials. In each case, the atoms forming the Ru island were placed in hcp hollow sites, and the island, as a whole, was centered in the moiré atop region. An illustration of a moiré supercell containing a 19 Ru-adatom underlayer island is shown in Fig. 7 . The numerical results of this study are reported in Table I .
Even a small under-graphene island of seven Ru atoms has a low-enough Ru formation energy per atom (0.67 eV), compared to the 0.7 eV maximum needed for the growth of graphene, to form readily. Without graphene, the formation energy is 0.81 eV, higher than 0.7 eV, and thus such small Ru adatom islands would not be stable. Since the Ru chemical potential of all the under-graphene islands is less than 0.7 eV, they in 9 principle would continue to grow once nucleated. We do not observe such growth with LEEM.
To understand why Ru adatom islands do not grow without limit, note in Table I that the chemical potential of the under-graphene islands starts to increase after they contain more than 19 atoms. Without the overlying graphene layer, the chemical potential would decay as the inverse of its radius (the usual Gibbs-Thomson effect) and the islands would Ostwald ripen to macroscopic size. Table I Table I ).
Experimental approaches to validate the existence of under-graphene Ru islands
Why have intercalated islands not been detected so far with STM or X-Ray diffraction? 1, 17 We discuss two relevant issues, first, how prevalent intercalated Ru islands would be on a typical Ru surface, and second, how intercalated islands might affect STM images, particularly the corrugation in apparent height. The typical Ru step spacing of most surfaces is much smaller than the micron-sized terraces studied here by LEEM. Thus, Ru atoms from under-graphene islands could more readily diffuse to nearby steps and the islands would eventually disappear. That is, the intercalated Ru islands allow graphene to grow by etching, but formation of islands is less stable than incorporation of the atoms to steps, and thus it would only be detectable on large terraces.
Testing the hypothesis of intercalated Ru islands by examining the height corrugation of graphene in STM is difficult: DFT shows that the height difference between highest and lowest C atoms without intercalated Ru islands is 1.55 Å. With a 19-Ru island, the height difference is 2.18 Å. With a 37-Ru island, the corrugation is not very different, 2.22 Å. With a 7-Ru island, it is 2.07 Å. The lack of striking differences in corrugations between all these predicted moirés and the observed experimental moiré (with about 1 Å corrugation 1 ) does not allow a definitive determination of the existence of underlayer islands, given the uncertainty of the relative importance of electronic and topology effects in determining the STM corrugation.
To confirm the existence of intercalated Ru experimentally one could deposit adatoms on top of the graphene, effectively conducting a titration. Recent studies of Ir deposition on a graphene moiré grown on Ir(111) shows that Ir adatoms cluster in regions of the moiré where every other C atom lies directly above an Ir atom of the underlying metal substrate. 18 The reason is that the graphene can then buckle locally, changing its bonding from sp 2 to sp 3 as it binds both to the adatoms above and the metal below. 19 This buckling does not occur in the "atop regions" of the moiré because all C atoms, there, reside above metal 3-fold hollows.
The situation is markedly different if there is a metal island under the graphene layer in its "atop region" (for the present discussion, on Ru(0001) rather than Ir(111)), as shown in the top view of Fig. 7 . There, because the island atoms all sit in hcp 3-fold hollows, every-other C atom of the graphene layer now lies above an Ru atom, just as in the low-lying regions of the moiré. Thus, buckling of the graphene layer to bind adatoms is now energetically favorable, where it would not have been without the underlying island.
This discussion suggests that a "titration" can reveal the presence and size of under-graphene islands. With no such islands present, deposition of adatoms will leave the atop regions of the moiré bare, as found on Ir(111) by N'Diaye et al.. 2 Where islands exist, adatom islands should form in atop regions. Conducting such titrations is evidently a high-priority experimental opportunity.
STM evidence for another state of Ru injected under graphene
The STM observations in periodicity and the carbon lattice is 9 ± 2° in Fig. 8(a, c, d ). Small rotations of the graphene lattice relative to the substrate lattice can cause large changes in the moiré periodicity. 24 Based on the moiré equations derived by Nishijima et al. 25 we determined a rotation of the graphene relative to the ruthenium lattice of about 6° using a Ru-Ru distance of 2.71 Å.
Strikingly, we also observe a long-range triangular network with unusually large unit cells (side lengths 8.7 nm (Fig. 8(c) ), 10.2 nm (Fig. 8(d) ) and up to 12.8 nm in Fig.   8(b) ). As we argue below, these triangles are consistent with a network of misfit dislocations that reconstructs the topmost Ru layer. The triangular networks were found only in graphene-covered regions of the substrate and in two separate growth (segregation) preparations. These triangular networks were only observed near Ru steps, and can be larger than 700 nm in extent in some areas or just local around a monatomic step, as shown in Fig. 8(b) . 26 In this image, the terrace below the step has more triangles than the upper terrace. In addition, the Ru step is faceted along the close-packed <11 2 0>
Ru directions, as in Fig. 3(d) . The configuration around the Ru step could have resulted from a graphene sheet growing into the lower terrace followed by the growth of a separate sheet moving "downhill" on the upper Ru terrace. To explain the structure of the dislocations and to estimate how many Ru atoms are involved, we reproduce the triangle network with an atomic, two-dimensional Frenkel-Kontorova model. 4 We start with a moiré structure in which 41 Ru atoms are uniformly compressed to lie over 40 substrate atoms, yielding a unit cell size of 10.8 nm.
Elastic relaxation in the top layer will concentrate the compression in regions away from the stable three-fold hollow sites of the substrate. To mimic this effect, we assume that nearest-neighbor Ru overlayer atoms interact through harmonic pairwise forces, while the substrate interaction is represented as a rigid sinusoidal two-dimensional potential. 
Conclusions and summary
Our results show that graphene can grow on Ru(0001) by etching Ru steps. This growth mode is slower than graphene overgrowing descending Ru steps. On other substrates, the energetic barrier to attaching C atoms to a free graphene step edge may be even larger than for growth on Ru(0001). 7 Thus, etching could dominate growth on these substrates. Indeed, the etching mode also occurs during growth on Pt(111) 11, 12 and Pd(111). 13 Whether substrate atoms are also injected under graphene in these systems should be examined. The etching growth facets the Ru steps; therefore, graphene prefers particular bonding configurations at Ru steps.
Step-etching also suggests that C bonds strongly to the Ru steps. Such tight bonding likely explains why graphene sheets do not grow up over the top of Ru steps, but etch the Ru step.
The etching growth mode has important consequences for the properties of the graphene film. The Ru atoms injected under the graphene sheet result in a more complex geometry than a flat, bulk-terminated substrate overlain by a buckled graphene sheet. The ability of graphene to grow by displacing atoms on metal surfaces is another consequence of the exceptionally large barrier for direct adatom attachment. 
